Transgenic mice that express mutant amyloid precursor protein (APPsi) using tet-Off vector systems provide an alternative model for assessing short-and long-term effects of A␤-targeting therapies on phenotypes related to the deposition of Alzheimer-type amyloid. Here we use such a model, termed APPsi:tTA, to determine what phenotypes persist in mice with high amyloid burden after new production of APP/A␤ has been suppressed. We find that 12-to 13-month-old APPsi:tTA mice are impaired in cognitive tasks that assess short-and long-term memories. Acutely suppressing new APPsi/A␤ production produced highly significant improvements in performing shortterm spatial memory tasks, which upon continued suppression translated to superior performance in more demanding tasks that assess long-term spatial memory and working memory. Deficits in episodic-like memory and cognitive flexibility, however, were more persistent. Arresting mutant APPsi production caused a rapid decline in the brain levels of soluble APP ectodomains, full-length APP, and APP C-terminal fragments. As expected, amyloid deposits persisted after new APP/A␤ production was inhibited, whereas, unexpectedly, we detected persistent pools of solubilizable, relatively mobile, A␤42. Additionally, we observed persistent levels of A␤-immunoreactive entities that were of a size consistent with SDS-resistant oligomeric assemblies. Thus, in this model with significant amyloid pathology, a rapid amelioration of cognitive deficits was observed despite persistent levels of oligomeric A␤ assemblies and low, but detectable solubilizable A␤42 peptides. These findings implicate complex relationships between accumulating A␤ and activities of APP, soluble APP ectodomains, and/or APP C-terminal fragments in mediating cognitive deficits in this model of amyloidosis.
Introduction
Multiple lines of genetic evidence link the accumulation and/or deposition of amyloid ␤ peptide (A␤) as a causative factor in Alzheimer's disease (AD) (for review, see Selkoe and Podlisny, 2002) . Disease-causing mutations in the amyloid precursor protein (APP), which produces the A␤ peptide through a series of proteolytic events (for review, see Lichtenthaler et al., 2011) , generally lead to enhanced levels of A␤42 peptides (Citron et al., 1992 (Citron et al., , 1997 Scheuner et al., 1996; Kwok et al., 2000; De Jonghe et al., 2001; Bentahir et al., 2006; Di et al., 2009; Zhou et al., 2011) . This longer A␤ peptide is most prone to produce amyloid deposits (Iwatsubo et al., 1994; McGowan et al., 2005) . Early-onset familial AD is also associated with mutations in two functionally related proteins termed presenilin 1 and 2 (Rogaev et al., 1995) , which are interchangeable components of ␥-secretase, the multiprotein complex that catalyzes one of the critical proteolytic events that produces A␤42 (for review, see Li et al., 2009) . Transgenic mice that express mutant APP, or mutant APP with mutant PS1, develop Alzheimer-type amyloidosis and memory dysfunction (for review, see Eriksen and Janus, 2007) .
No consensus has emerged regarding the basis for memory dysfunction in mice that model Alzheimer amyloidosis. In some cases, memory impairment appears after amyloid burden reaches moderate to severe levels Eriksen and Janus, 2007) and others report memory dysfunction before amyloid deposition occurs or reaches moderate levels (Hsiao et al., 1996; Dodart et al., 1999; Moechars et al., 1999; Janus et al., 2000; Westerman et al., 2002) . In multiple studies, memory dysfunction has been correlated to the appearance of soluble oligomeric assemblies of A␤, including dodecameric assemblies (Westerman et al., 2002) , dimeric assemblies of A␤42 (Klyubin et al., 2008; McDonald et al., 2010) , and much larger assemblies that may mediate cognitive performance in mouse models by direct interaction with the normal cellular prion protein (PrP C ) (Gimbel et al., 2010) . In the present study, we used a mouse model of Alzheimertype amyloidosis (APPsi:tTA) in which the deposition of A␤ is driven by the expression of mutant APP under the transcriptional control of a tetracycline regulated promoter . In the initial description of this model, we reported that these animals develop a robust amyloid pathology and that these deposits persist long after expression of mutant APP is suppressed by exposure to doxycycline (DOX) . In this report, we sought to determine the cognitive phenotypes of this model, finding that 12-to 13-month-old APPsi: tTA mice that have relatively high amyloid burden show impairments in both short-and long-term memory tasks. Using immunological and biochemical approaches, we further assessed which pathologic features of this model persist when the expression of mutant APP is suppressed.
Materials and Methods
Animals. The mouse model of inducible amyloidosis is based on tetracycline-regulated vectors that express a chimeric mouse/human APP with the Swedish and Indiana mutations of familial AD, Line 107 . Expression of the mutant APP requires coexpression of the tetracycline-Transactivator (tTA), which is under the transcriptional control of the CaMKII␣ promoter, so that the mice studied are bigenic APPswe/ind ϫ tTA (abbreviated APPsi:tTA mice). Both of the transgenes have been crossed into the C57BL/6J strain of mice for at least 10 generations to create congenic transgenic animals. Mice for behavioral testing were bred by crossing APPsi:tTA (Line 107) males on a congenic C57BL/6J background to nontransgenic (NTg) FVN female mice to yield F1 progeny. Breeding cages were fed DOX diet (200 g of DOX per gram; Bioserve) and then at weaning on postnatal day 28 the weanlings were switched to a regular diet and maintained on such until noted in the text. All mice had free access to food and were housed in automatically controlled light conditions (light 7:00 A.M. to 9:00 P.M.). All procedures were conducted according to the National Institutes of Health guide for animal care and approved by the University of Florida and Johns Hopkins University Institutional Animal Care and Use Committees. Only male mice were used for behavioral testing. The same animals were used in three cognitive tasks described below (longitudinal design). For analysis of APP, APP proteolytic derivatives, and A␤ levels, both male and female mice were used.
Acclimation to behavioral testing. Mice were handled 3 times, 5 min each, before the start of each session of behavioral testing. All testing was conducted during the light phase of the circadian cycle in cohorts of 8 -10 mice, balanced by genotype. Before each test, mice were moved to the testing room and allowed to habituate to the new location for at least 1 h before behavioral testing.
Left-right discrimination and mirror-reversal in a Plus water maze. The control NTg male mice (n ϭ 13) and their APPsi:tTA littermate (n ϭ 14) male mice were trained in a low-demand Plus water maze task to assess the swimming abilities and basic learning capacity at 10 -12 months of age. The Plus water maze was made from a clear acrylic material (each arm 15 cm wide and 38 cm long), placed inside a circular pool, and surrounded by a set of spatial cues. A hidden platform (10 ϫ 10 cm) was placed at the end of one of the arms and submerged 1 cm under the surface of opaque water (water temperature 22 Ϯ 1°C). The paradigm included four consecutive stages (Fig. 1A ). Stage 1: First, the mice were trained to find the hidden platform located at the end of a start arm of the Plus water maze (a straight swim test, 4 trials). Stage 2: The left arm of the maze was opened and the platform was moved to the end of this arm for another 4 trials. Stage 3: After a 24 h delay, an additional, right arm of the maze was opened with the platform remaining in the left arm and the animals were tested for retention of spatial memory for the platform location (12 trials). To ensure that all animals were aware of the new arm, the first trial was conducted with start position at the end of the new arm. The start position for the rest of the trials was located at the end of the original start arm. Stage 4: A reversal stage was introduced 24 h later in which the start arm was moved to create a symmetrical mirror-reflected start position, and mice were required to turn right to find the platform, which was surrounded by the same spatial cues used in previous sessions. In all stages of training in the Plus water maze, the maximum duration of each trial was 60 s. The mice were allowed to stay on the platform for 10 s after finding the platform. If mice did not find the platform, they were gently guided to the platform. If a mouse jumped from the platform, the experimenter pointed to the platform and waited until the mouse returned to the platform. Jumping from the platform was observed in both genotypes only during the first stage of the training. In general, taking mice to their waiting cage only if they stay on the platform quickly extinguishes jumping behavior. After removing the mice from the platform, they were dried with paper towels and placed in a dry waiting cage for 25-min-long inter-trial intervals. Consecutive choices of the arms of the maze and latency to find the platform were recorded by trained observers blind to genotypes.
Spatial recognition memory in a two trial Y maze. After the initial round of testing in the Plus water maze, the animals were returned to the general housing area before further behavioral testing started when they reached 12.5 months of age. The two trial Y maze task was conducted as described previously (Melnikova et al., 2006) , consisting of 2 trials separated by an interval of 25 min to assess short-term spatial memory. After the first run of the task, the mice were returned to the housing facility for 2 weeks before initiating DOX diet for one additional week ( Fig. 2A) . For the two runs of the task, two geometrically identical Y mazes were used with each arm of the two mazes measuring 48 ϫ 7 cm and with 2-cm-high borders. The mazes were differently colored, made of different material (metal vs wood), placed in different rooms, with different spatial cues, and cleaned by different solutions (30% ethanol or 5% orange soap). During trial 1 of Figure 2 . Reversal of deficits in short-term spatial recognition memory. A, Scheme for testing in a two trial Y maze task. B, Motor activities during testing are shown as the total number of arms visited during first and second runs of the task. Two-way Group ϫ Runs ANOVA revealed significant effects only in Runs (F (1, 23) ϭ 12.39, p ϭ 0.0018), indicating that motor activities of the APPsi:tTA mice were similar to that of NTg littermates (effect of Group, F (3, 23) ϭ 0.50, p ϭ 0.686) in both runs of the task (Group ϫ Run interaction, p ϭ 0.241). C, D, Spatial preferences to different arms of the Y maze are shown as percentage of time spent in the new and one of the old arms. C, Left Veh-Veh panel, Spatial preferences of the NTg mice (n ϭ 6) that received regular diet during the first (dotted line) and second (solid line) runs of the task. Two-way Arms ϫ Run ANOVA yielded significant preference to the new Arm (effect of Arm, F (1,5) ϭ 20.66, p ϭ 0.006) in both runs of the task (effect of Run, F (1,5) ϭ 2.36, p ϭ 0.185; Arms ϫ Run interaction, p ϭ 0.926). Right Veh-DOX panel, Performances of the NTg mice (n ϭ 8) that were switched to a DOX diet 7 d before the second run of the task. Their preferences to the new arm (ANOVA, effect of Arms, F (1,7) ϭ 30.96, p ϭ 0.0009) were not significantly affected by DOX (effect of Run, F (1,7) ϭ 0.39, p ϭ 0.553; interaction, p ϭ 0.253). D, The APPsi:tTA mice on vehicle diet (left Veh-Veh, n ϭ 7) showed no preferences to the new arm (ANOVA, effect of Arm, F (1,6) ϭ 0.01, p ϭ 0.941) in any run of the task (effect of Run, F (1,6) ϭ 0.15, p ϭ 0.714; interaction, p ϭ 0.296). In contrast, the APPsi:tTA mice that were switched to DOX diet 1 week before testing (right Veh-DOX, n ϭ 6) significantly preferred the new arm in the second run of the test (ANOVA, effects of Arms, F (1,5) ϭ 53.37, p ϭ 0.0008; Run, F (1,5) ϭ 0.13, p ϭ 0.734; and Arms ϫ Run interaction, p ϭ 0.032). C, D, # Significant preference to the new arm of the maze ( p Յ 0.01, Fischer LSD post hoc test).
each run ( Fig. 2A) , one of the arms of the maze was blocked, allowing exploration of only two arms of the maze. After a 25 min delay, trial 2 was conducted in which all three arms were available for exploration. Trial 2 takes advantage of the innate tendency of mice to explore novel areas (Ennaceur and Delacour, 1988) , and mice with intact spatial recognition memory will prefer to explore a novel arm over familiar arms, whereas mice with impaired spatial memory will enter all arms equally (Conrad et al., 1996) . Thus, trial 2 represented a classic test for spatial recognition memory as described by Dellu et al. (1997) . Motor activity was recorded as number of arms visited for a whole duration of the trials (5 min each). Behavior was scored by trained observers blind to genotype using a computer-assisted data acquisition system (Stopwatchϩ; http://www.cbn-atl.org/research/stopwatch.shtml).
Spatial reference and working memory in the radial water maze. The radial water maze task was conducted as described previously (Arendash et al., 2001; Laird et al., 2005; with minor modifications. Because all mice were familiarized to the procedural aspects of the task (an existence of hidden escape platform) during testing in the Plus water maze task, no further pretraining was required. A radial maze enclosure was placed in a large diameter pool (100 cm), filled with opaque water (21 Ϯ 2°C) that was surrounded by a new set of distal and proximal spatial cues. The enclosure was made of clear plastic with a 2 cm yellow line painted at the level of the water for easier detection of the radial maze walls by the mouse. The platform was kept in the same location for the first two training days and then changed between different arms daily for the rest of the testing (Fig. 3A) . The start position was located at the end of an "unbaited" arm and randomly changed every trial. Eight daily trials were conducted in which the mice were allowed to swim freely between arms to find the platform with the maximum duration of each trial 120 s. Ten seconds after finding the platform, the mice Number of errors to find the arm that originally contained the escape platform decreased in all groups of mice (NTg, n ϭ 13; Off-DOX APPsi:tTA, n ϭ 7; On-DOX APPsi:tTA, n ϭ 5) (two-way group ϫ block ANOVA, significant effect of block, F (7, 154) ϭ 15.71, p ϭ 1.9 ϫ 10 Ϫ15 ; and group, F (2,22) ϭ 7.64, p ϭ 0.003). C, Average number of errors in the last block of trials. The APPsi:tTA mice On-DOX diet showed a low number of errors similar to that in control groups, whereas the APPsi:tTA mice on regular diet made significantly more errors than other groups (two-way genotype ϫ diet ANOVA, significant effect of genotype, F (1,21) ϭ 4.35, p ϭ 0.048; and genotype ϫ diet interaction, F (1,21) ϭ 4.45, p ϭ 0.049). *p ϭ 0.005, difference from controls (LSD post hoc test).
‚ p ϭ 0.028, difference from Off-DOX APPsi:tTA (LSD post hoc test). D, Long-term memory for the platform location was assessed after a 24 h delay and shown as the average number of errors before finding the location of the arm containing the escape platform. The Off-DOX APPsi:tTA group made more errors than controls (*p ϭ 0.045, t test, t ϭ 2.147), whereas performance of the On-DOX APPsi:tTA group was not different from controls. E, The extinction of reference memory is shown for the first day of reversal training. The On-DOX APPsi:tTA mice made significantly more visits to the location of the reference platform than controls (two-way group ϫ trial ANOVA, effect of group, F (2,22) ϭ 13.12, p ϭ 0.0002) but decreased these visits by the end of the session (effect of trial, F (7,154) ϭ 14.20, p ϭ 3.7 ϫ 10 Ϫ14 ; and group ϫ trial interaction, F (14, 154) ϭ 3.42, p ϭ 0.00008). F, Total number of errors accumulated during three consecutive reversals is shown. Two-way group ϫ session ANOVA yielded significant effect of group (F (2,22) ϭ 23.97, p ϭ 3.0 ϫ 10 Ϫ6 ), session (F (2,44) ϭ 5.43, p ϭ 0.008), and interaction (F (4,44) ϭ 2.99, p ϭ 0.029). The Off-DOX APPsi:tTA mice made significantly more errors than controls in all reversals (*p Յ 0.004, LSD post hoc test). The On-DOX APPsi:tTA mice performed significantly worse than controls (*p ϭ 2.6 ϫ 10 Ϫ6 , LSD post hoc test) and Off-DOX APPsi:tTA group ( OE p ϭ 0.025) only in the first reversal session. G, Working memory errors are shown as the total number of repeated errors. Two-way group ϫ session ANOVA yielded a significant effect of group (F (2,22) ϭ 22.94, p ϭ 5.2 ϫ 10 Ϫ6 ), session (F (2,44) ϭ 4.91, p ϭ 0.012), and interaction (F (4,44) ϭ 3.00, p ϭ 0.029). *p Յ 0.006, difference from controls (LSD post hoc test). H, Extinction of visits to the arm that originally contained the escape platform in the course of reversal sessions. In the first reversal session, the On-DOX APPsi:tTA mice made significantly more errors than mice Off-DOX or NTg mice. Two-way group ϫ session ANOVA yielded an effect of group (F ϭ 9.65, p ϭ 0.001), session (F ϭ 26.17, p ϭ 3 ϫ 10 Ϫ8 ), and interaction (F ϭ 7.98, p ϭ 0.00006). *p ϭ 4.8 ϫ 10 Ϫ9 , difference from controls (LSD post hoc test). OE p ϭ 4.6 ϫ 10 Ϫ7 , difference from Off-DOX APPsi:tTA (LSD post hoc test). I, Percentage of errors made as a result of visits to previous platform locations. The level of chance performance (shown by striped columns) increases with successive reversals (see scheme in A). # Significant differences from chance level with the p level corrected for a number of comparisons ( p Ͻ 0.0056). Two-way group ϫ session ANOVA revealed significant effect of group (F ϭ 17.87, p ϭ 0.00002), session (F ϭ 78.51, p ϭ 3.0 ϫ 10 Ϫ15 ), and interaction (F ϭ 2.74, p ϭ 0.040).
were removed from the platform, dried with a paper towel, and placed in a dry waiting cage for 25 min before the next trial. Two APPsi:tTA mice (one, On-DOX; and one, on regular diet) were excluded from the analyses because of their inability to choose an arm and persistent swimming in the center of the maze. Performance in the radial water maze was recorded by the HVS Image Analysis VP-200 tracking system (HVS Image). An experimenter, unaware of the mouse genotype, recorded the sequence of arm entries by viewing the video monitor. The number of errors was determined as a number of entries (full body length) into the arms before finding the platform.
Antibodies. In immunoblots, we used three anti-A␤ monoclonal antibodies that have been previously demonstrated to recognize the A␤ sequence of APP: mAb 4G8 (Covance), which recognizes amino acid residues 17-24 of both human and mouse A␤; mAb 6E10 (Covance), which preferentially recognizes an epitope within amino acids 3-8 of human A␤ (Kim et al., 1990) ; and anti-human A␤ (N) 82E1 antibody (IBL America), which recognizes the extreme N terminus of human A␤ peptide. We also tested a number of additional antibodies, including the following; anti-␤amyloid (#2454; Cell Signaling), which recognized aggregated A␤ at the top of gel in immunoblots (data not shown) and anti-␤amyloid (AB1510; Millipore), with weak specificity on immunoblots (data not shown). Antibodies to APP included 22C11, which recognizes an epitope near the N terminus of mouse and human APP; CT-20 (Pinnix et al., 2001) , which recognizes the C-terminal 20 amino acids of mouse and human APP; and an anti-APP C terminus antibody (Millipore). The secreted ectodomain of APPsi was detected with antihuman sAPP␤-Swe, 6A1 antibody (IBL America). In immunohistochemistry, we used monoclonal antibodies 6E10 and rabbit polyclonal antibody OC (EMD; Millipore) (Kayed et al., 2007) , which recognize the human A␤ sequence and fibrillar A␤, respectively. For ELISA analysis, we used human anti-A␤ 42 (Rabbit Monoclonal Clone 1-11-3, Covance) and mAb 4G8.
Tissue harvest and brain fractionation. Two methods of tissue harvest and fractionation were used: With Method 1, for mice that were harvested after behavioral testing, the mice were intracardially perfused with cold PBS under deep anesthesia, the brains were removed and cut sagittally. The left brain hemisphere was fixed by immersion in 4% paraformaldehyde for immunohistochemistry. The second hemisphere was dissected to obtain the cortex and hippocampus, which were snap frozen on dry ice and stored at Ϫ80°C until further biochemical analysis. For immunoblot analyses, the frozen cortex samples were sonicated in 10 volumes of ice-cold PBS containing protease inhibitors (Roche Diagnostics). For preparation of cytosolic and membrane fractions, 200 l of cortex homogenate was centrifuged at 100,000 ϫ g for 60 min at 4°C. The supernatant was collected and served as the cytosolic fraction (S1); this fraction was analyzed for detection of different types of soluble APP in immunoblot analyses. The membrane pellet (P1) was solubilized by sonication in 10 volumes of radioimmunoprecipitation assay buffer (RIPA) containing 1% (w/v) SDS and protease inhibitors, and insoluble material was removed by centrifugation at 14,000 ϫ g for 10 min at 4°C. Crude membrane fraction was used for detection of full-length APP, C-terminal fragments (CTFs), and A␤ species. Protein concentrations were determined by using the BCA Protein Assay Kit. The proteins were separated on NuPAGE Bis-Tris 4 -12% gradient gels in MES-SDS running buffer and transferred to nitrocellulose membranes by using iBlot Dry Transfer System (Invitrogen). The cytosolic (S1) and crude membrane (P1) fractions were analyzed by immunoblotting with mAb 6E10 antibody, antihuman sAPP␤-Swe, 6A1 antibody, anti-APP, C terminus antibody, and anti-human amyloid ␤ (N) 82E1 antibody.
With Method 2, a more extensive fractionation protocol was also used to identify soluble and insoluble derivatives of APP. In this protocol, we strived to avoid freezing tissues and thus limit the introduction of freeze/ thaw artifacts. After perfusion with chilled PBS, pH 7.5, the brains were harvested and chilled for ϳ15 min, then sectioned into 1 mm pieces on a cutting block/sectioning device. Each section containing forebrain was placed on a glass slide on ice and diced into smaller pieces with a razor blade. The diced pieces were placed in a 1.7 ml of microfuge tube and gently washed with 1 ml of 1ϫPBS with protease inhibitor mixture (Sigma-Aldrich) and then centrifuged at 3000 ϫ g for 1 min in a 4°C microfuge. The supernatant was poured off carefully before resuspension in 1 ml of 1 ϫ PBS containing protease inhibitor mixture by gently "stirring" brain pieces and repeating the centrifugation. After the supernatant was gently poured off, the pieces were resuspended in 500 l of dH 2 O containing protease inhibitor mixture in a microfuge tube by gently "stirring" the brain pieces, and then kept on ice. After 1 h, the tubes were centrifuged at 12,000 ϫ g for 10 min in a 4°C microfuge, and the supernatant was placed in a new tube (water-extractable). A portion (15 l) was immediately analyzed by SDS-PAGE and immunoblotting. The pellet fractions were resuspended in water by gentle pipette trituration and then held on ice for an additional hour before centrifugation at 12,000 ϫ g for 10 min in a 4°C microfuge. The supernatant was saved but not analyzed extensively as immunoblots of this fraction with 4G8 antibody were identical to immunoblots of the first water-extractable fraction (data not shown), and the pellet was resuspended in 500 l of 1 ϫ PBS by sonication (3 times for 10 s set at 2; Misonix) and then aliquoted and stored at Ϫ80°C.
To analyze protein that remained tissue associated, the frozen aliquots of homogenized tissue, which were in PBS, were thawed and then sonicated again (3 times for 10 s set at a setting of 2) and then centrifuged in an Airfuge (Beckman Coulter) at maximum speed (ϳ150,000 ϫ g) for 10 min. The supernatant was removed and saved as the PBS-soluble fraction and the pellet (PBS-insoluble fraction) was resuspended in 500 l of 1 ϫ PBS.
For all fractions, 15 l of sample was mixed with 5 l of 4 ϫ Laemmli buffer with ␤-mercaptoethanol and analyzed by SDS-PAGE. Samples were either boiled or electrophoresed without boiling as noted in the text and figure legends. Antibodies used for immunoblots are noted in the figure legends.
Neuropathology-thioflavin S staining and immunostaining. As noted above, mice that were behaviorally characterized were deeply anesthetized before transcardial perfusion with cold PBS to remove blood. The brains were removed and cut sagittally with one-half immersion fixed in 4% paraformaldehyde in PBS for 48 h at 4°C. Additional mice that were analyzed neuropathologically without prior behavioral testing were prepared in essentially the same manner. After fixation, brains were washed in PBS and cryoprotected in 30% sucrose in PBS for several days before cryostat sectioning at 30 m thickness. The sections were kept in antifreeze solution at Ϫ20°C until staining. For thioflavin S staining, the sections were stained according to the Guntern standard protocol (Guntern et al., 1992) . For immunostaining, free-floating sections were processed according to a standard protocol described in prior studies . mAb 6E10 (1:1000, mouse monoclonal) and antibody OC (1:1000, rabbit polyclonal) were used to detect APP, A␤, and fibrillary A␤ assemblies. Secondary antibodies of goat anti-rabbit and goat antimouse, conjugated with Alexa-594 or Alexa-488 (Invitrogen) were used to visualize primary antibody binding.
ELISA. A␤ peptide levels were quantified by sandwich ELISA. Plates were coated overnight at 4°C with human anti-A␤ 42 at a 1:1000 dilution in carbonate buffer (catalog #C3041, Sigma-Aldrich). Plates were subsequently washed 3-4 times with PBS containing 0.05% Tween 20 (PBS-T) and allowed to block for at least 1 h in PBS-T containing 1% BSA. After washing 3-4 times in PBS-T, 60 l of the water-extractable or PBSsoluble fractions was added directly to the plates; P2 fractions were first extracted in 70% formic acid, followed by neutralization in 20-fold excess of 1 M Tris base, 0.5 M NaH 2 PO 4 before their addition to the plateau at a final overall dilution of 1:1000. For quantitation purposes, A␤42 peptide standard curves were included on the plate ranging from 0 to 1000 pg/ml. The ELISA plates were allowed to incubate at room temperature for at least 4 h, at which time they were washed 3-4 times in PBS-T, and mouse monoclonal 4G8, ␤-amyloid 17-24, conjugated to HRP (Covance), was added at a dilution of 1:2000 in PBS-T containing 0.67% BSA and allowed to incubate for 45 min. A␤ peptides were detected using the Quantablu peroxidase substrate (Pierce) according to the manufacturer's specifications using a Molecular Devices FlexStation III plate reader. Concentrations of A␤ 42 were calculated by interpolation of the corresponding standard curve.
Statistical analyses. The behavioral data were analyzed by factorial ANOVA with repeated measures wherever appropriate using the statistical package STATISTICA Version 8.0 (StatSoft) and the critical ␣ level set to 0.05. The independent factors were genotype (2 levels: NTg controls and APPsi:tTA mice), group (3 levels: a comparison between NTg controls and APPsi:tTA mice on DOX or regular diet), and diet (2 levels: on DOX or regular diet). The repeated measures were Runs, Arms (Y maze task), Trials, Block of trials and/or Sessions (reversals). A one-tailed t test was applied to data of arm preferences (%) to estimate the difference from a chance level (specified for the tasks in the text).
The data from ELISA measurements of A␤40 and A␤42 levels were analyzed using two-tailed t test with the statistical tools in EXCEL.
Results
This study used an inducible model of Alzheimer-type amyloidosis (APPsi:tTA; see Materials and Methods) that rapidly develops high amyloid burden . In the original description of these animals, which were maintained as hybrids of C57BL/6J and C3H/HeJ, the mice that were bigenic for APPsi and tTA were noted to show extreme hyperactivity . In addition, when placed in a water maze, these mice displayed behavioral stereotypes (wall hugging) that made them difficult to test in this task. These phenotypes had rendered them virtually untestable in standard spatial memory tasks that assess cognition . However, over time, we developed a breeding strategy that improved the baseline performance of bigenic APPsi:tTA mice in cognitive tests. In brief, we first bred the APPsi:tTA mice to C57BL/6J mice for 10 generations to generate B6 congenic animals. To produce mice for testing, we bred B6 congenic/bigenic male APPsi:tTA mice that had been maintained On-DOX throughout life to FVB/NJ female mice maintained On-DOX to produce isogenic F1 offspring. At weaning, we switched these F1 offspring to regular food, genotyped them, and then aged them out for behavioral studies. A similar strategy for breeding APPsi:tTA mice was independently developed by in the laboratory of Dr. Joanna Jankowsky, and this group has recently reported that APPsi:tTA mice bred in this manner show diminished hyperactivity phenotypes. The Jankowsky laboratory also demonstrated that F1 hybrids of C57BL/6J and FVB/N expressing tTA perform well in various memory tasks and rearing of these mice On-DOX protects them from tTA-induced neurodegeneration (Han et al., 2012) . F1 hybrids of C57BL/6J and FVB/NJ mice have also been used in studies of mice that constitutively express WT and mutant APP and have been well characterized as a strain that show good learning capability and are not prone to develop visual defects that would interfere with spatial memory tasks (Moechars et al., 1999) . We have also extensively tested visual discrimination in different cohorts of our APPsi:tTA model on the B6/FVB F1 background, and the data consistently show that these mice and their control littermates do not have visual deficits (data not shown). Although it is common practice in the literature for investigators to use both male and female APP transgenic mice in behavioral testing, in our hands, female mice have a tendency to show high variability in performance in spatial memory tasks. For this reason, all of the behavioral work described here has focused on only male mice.
Preliminary assessments of testability in a Plus water maze
Behavioral testing of F1 APPsi:tTA mice began at 10 -12 months of age and started with cohorts of 13 control NTg male mice and 14 APPsi:tTA littermate male mice. To familiarize the mice with the procedures of cognitive testing, we trained all mice to find a platform hidden under opaque water at the end of a straight arm using a Plus water maze apparatus (Fig. 1A) . In this analog of a straight swim test (Savonenko et al., 2003) , APPsi:tTA mice were successful in finding the platform without any competing responses (such as wall hugging, circular swimming) and performed similar to NTg littermates (Fig. 1B) . Next, the mice were trained to turn left to find the hidden platform (Fig. 1A , Left Turn); and again, APPsi:tTA and control mice were indistinguishable in performance (Fig. 1C) . After a 24 h delay, a third arm of the maze was opened to offer a free "left-versus-right" choice (Fig. 1A, Free Choice) . In the first orientation trial, the mice were introduced into the maze at the end of the new arm to ensure that the mice were aware of a spatial novelty and then subsequently introduced at the original start site. Both APPsi:tTA and control mice required ϳ4 trials to reach criteria of 3 consecutive correct choices (4.3 Ϯ 1.2 and 4.1 Ϯ 1.1 for APPsi:tTA and NTg mice, respectively). After reaching this criteria, the rate of errors in the subsequent trials remained low and similar between genotypes (4.9 Ϯ 2.8% and 3.7 Ϯ 2.7% for APPsi:tTA and NTg mice, respectively). In addition, the latency to find the platform was not significantly different between APPsi:tTA and NTg mice (Fig.  1D ). In the last phase of training the orientation of the Plus water maze was reversed 180° (Fig. 1A, last panel ) and the mice were tested to locate the escape platform, which was still surrounded by the same extra-maze cues, but in a position that required the mice to turn right instead of left. Both APPsi:tTA and NTg mice were able to adjust to the new location similarly (Fig. 1E ). These data indicate that the swimming abilities of APPsi:tTA mice and their basic learning skills were largely indistinguishable from those of age-matched control mice. Of note, we observed that most of the mice of both genotypes used an egocentric, bodyoriented (Cook and Kesner, 1988; Packard and McGaugh, 1996; Chang and Gold, 2003) , strategy to locate the escape platform as judged by their preference to turn "left" during the first trial of reversal training. The dominance of this strategy was not unexpected because the constant position of the start and escape platform in the previous training trials reinforced this behavior. All further tests of the APPsi:tTA mice used cognitive tasks that reinforce the use of allocentric, spatial cues, strategy to locate the escape platform.
Short-term spatial recognition memory deficits in APPsi:tTA mice do not persist after suppression of new APPsi synthesis To assess short-term spatial memory, we used a relatively low demand task called a two trial Y maze ( Fig. 2A) (Dellu et al., 1997; Melnikova et al., 2006) . For these studies, we staggered testing so that all animals were 12.5 months of age at the start of training. The animals were first habituated to two arms of the Y maze surrounded by a set of cues to help the animals orient. After a 25 min delay to assess short-term memory, the animals were reintroduced to the same Y maze and allowed to explore a third new arm. NTg controls showed significant preferences for exploring the new arm of the maze (Fig. 2C , Run 1), whereas APPsi:tTA did not (Fig. 2D, Run 1) . This behavior was interpreted as evidence that the control mice had good short-term memory of exploring the old arms of the maze and thus explored the new arm preferentially, whereas the APPsi:tTA mice had poor short-term memory and did not recognize the novelty of the newly accessible third arm. The strong preference of the NTg mice for the novel arm also confirmed that the set of spatial cues we used in this task for orientation was sufficiently salient to enable the mice to discriminate the otherwise identical new and old arms.
After the first run of the Y maze task, both groups of mice, control and APPsi:tTA, were divided into 2 subgroups. After 2 weeks, one subgroup of animals was given DOX (On-DOX; to suppress APPsi expression) and the other was maintained Off-DOX. Both groups were then retested in the same task 1 week later. For this second run of the task, we used a second geometrically identical Y maze that differed from the one used in the first run in material, color, and cleaning solution and placed it in a different room with a different set of visible cues. For the NTg mice, either On-or Off-DOX, preference for a new arm was indistinguishable from that in the first run of the test (Fig. 2C , Veh-Veh [n ϭ 6] and Veh-DOX [n ϭ 7] groups). Thus, testing of the NTg groups in the two trial Y maze revealed that measures of short-term spatial memory were not significantly affected by repeated testing or DOX diet. In contrast to NTg littermates, the APPsi:tTA mice that did not receive DOX (n ϭ 8) showed persistent deficits in short-term spatial memory (Fig. 2D , Veh-Veh group). By contrast, the APPsi:tTA mice (n ϭ 6) that received DOX showed a highly significant preference for the new arm of the maze (Fig. 2D, Veh-DOX group) . The difference in behavior between the APPsi:tTA mice On-or Off-DOX was not associated with differences in overall motor activation because there were no significant differences in the number of arm entries across the two genotypes and treatment groups (Fig. 2B) . Thus, we concluded that suppressing APPsi expression in the 12.5-to 13-month-old APPsi:tTA mice rescued deficits in short-term spatial recognition memory.
DOX-treated APPsi mice with improved short-term memory also display better performance in radial arm water maze tasks
To further assess cognitive capabilities of APPsi:tTA mice On-DOX, we used the radial arm water maze (RAWM), which is a much more demanding spatial memory task compared with the two trial Y maze. In the RAWM, the mice were required to find a hidden escape platform in one of 6 arms of the maze by using spatial cues placed around the tank. In the first stage of training, we analyzed long-term spatial memory by using a paradigm in which the escape platform remained in a constant location over 2 d of testing (Fig. 3A) . The NTg mice on regular diet (n ϭ 6) or DOX diet (n ϭ 7) steadily decreased the number of errors to find the platform as training progressed (ANOVA, effect of trial blocks, F (7,84) ϭ 10.66; p ϭ 1.56 ϫ 10 Ϫ9 ) with no observable effect of DOX treatment on performance (ANOVA, effect of diet, F (1,12) ϭ 1.32, p ϭ 0.27; block ϫ diet interaction, p ϭ 0.97; also see Fig. 3C ). For all analyses that follow, the data for the two NTg subgroups (On/Off DOX) were combined (Fig. 3 B, D-I ). The APPsi:tTA mice Off-DOX showed evidence of improved performance but made more errors than control NTg mice (Fig. 3B) . APPsi:tTA mice On-DOX also improved performance with successive trials and by the last block of trials they were eventually performing at the level of NTg mice (Fig. 3C) . To test long-term (reference) memory, we assessed the number of errors after a 24 h delay (Fig.  3D ). During this probe trial, the APPsi:tTA mice Off-DOX performed at the level of chance with the number of errors being significantly higher than NTg controls (t ϭ 2.147, p ϭ 0.045). For the APPsi:tTA mice On-DOX, the number of errors before locating the correct arm was equivalent to that in NTg controls (t ϭ 0.35, p ϭ 0.729; Fig. 3 D) . These data provided the first indication that the cognitive improvements seen in short-term memory by APPsi:tTA mice On-DOX translated into sustained superior performance in the more demanding long-term memory task.
To assess the flexibility of memory traces, we used a paradigm in which the position of the escape platform was changed every day (Fig. 3A, lower diagram) . In the first session after the platform was moved (Reversal 1), the APPsi:tTA mice On-DOX continued to visit the arm of the maze that originally contained the escape platform much more often than NTg control mice (Fig.   3 E, H ). This finding suggested that the APPsi:tTA mice On-DOX were not as cognitively flexible as the NTg controls. As a result of this deficit, the APPsi:tTA mice On-DOX showed a much higher error rate in the first reversal session than APPsi:tTA mice Off-DOX (Fig. 3F ) . However, in subsequent sessions (Reversals 2 and 3), when the impact of errors resulting from visits to the first platform location was minimal (Fig. 3H ), the APPsi:tTA mice On-DOX displayed an error rate that was similar to that of NTg controls (Fig. 3F ) . In particular, the APPsi:tTA mice On-DOX were not different from controls in the number of working memory errors assessed as total number of repeated entries to any arm in Reversals 2 and 3 (Fig. 3G) . Even though the error rate of the APPsi:tTA mice On-DOX improved in the second and third reversal sessions, the mice did not display a preference for arms that had contained the escape platform in previous sessions (see Reversal 2 and 3, Fig. 3I ). In contrast, NTg controls appeared to remember each of the previous platform positions in this task (so-called episodic-like memory) and visited the arms that had contained the escape platform in the previous sessions at a frequency higher than chance (Fig. 3I ) .
Collectively, these data indicated that suppressing new APP/A␤ production in these middle-aged APPsi:tTA mice produced a rapid improvement in short-term spatial memory with a sustained superior performance in more demanding tasks of long-term reference memory. The only persistent cognitive impairment in the APPsi:tTA mice On-DOX was reduced cognitive flexibility and poorer episodic-like memory as evidenced by their performance in the reversals task of the RAWM.
Persistent amyloid deposition
After the last round of RAWM testing, which amounted to ϳ3 weeks after they were first given DOX, the animals were killed, and we assessed levels of amyloid deposition. As expected from prior studies of this model , the brains of mice On-DOX still contained high levels of thioflavin-positive amyloid deposits (Fig. 4A) ; a notable limitation of the analyses of amyloid and APP levels in the brains of mice that have been through the full battery of behavioral studies was that we were not able to observe events that occurred within the 7 d time frame in which we observed rapid improvement in short-term spatial memory. We therefore undertook a more extensive analysis of APP and A␤ levels in the brains of F1 APPsi:tTA mice that had been raised in a manner similar to behaviorally characterized animals. In this part of the study, we focused our effort on determining the relationships between deposited amyloid and soluble A␤ peptides entities. Thus for this work, we studied animals that had been aged somewhat longer than the mice used in behavioral studies to accumulate greater levels of A␤.
In our first set of pathologic studies of such mice, we immunostained sections from mice that were aged to 23 months and then placed on DOX for 7 d or 5 weeks with antibodies to APP/A␤ (mAb 6E10) and with antibodies specific to fibrillar A␤ (OC antibody) (Kayed et al., 2007) . Mature amyloid deposits were recognized by both the 6E10 and OC antibodies, and this reactivity persisted out to 5 weeks as mice were continuously treated with DOX (Fig. 5) . Within cells of the CA layer of the hippocampus, we detected 6E10 immunoreactivity in mice Off-DOX as well as mice that had received DOX for 7 d (Fig. 5 A, C) . After 5 weeks On-DOX, the cellular 6E10 immunoreactivity had disappeared, but there was a persistent punctate cellular staining with the OC antibody (Fig. 5 E, F ) . However, this punctate staining was also seen in age-matched NTg mice and when sections from NTg mice were stained with secondary antibody alone. Thus, we could not discern whether this cellular staining with OC antibody was some assembly of A␤ or an irrelevant reactivity. These data indicated that cellular reactivity to mAb 6E10 (which recognizes transgene-derived full-length APP, APP C-terminal fragments, and A␤) persisted for ϳ7 d but then eventually cleared. The most persistent source of mAb 6E10 and OC antibody immunoreactivity was amyloid deposits.
Analysis of APP soluble proteolytic derivatives in the brains of APPsi:tTA mice First, we analyzed brain homogenates from the animals that had been behaviorally tested. PBS-soluble fractions (S1) were compared with membrane fractions generated by solubilizing the PBSinsoluble fraction in modified RIPA buffer (P1) (see Materials and Methods). Each fraction was probed with mAb 6E10 (Fig. 6 A, B) . As expected, S1 fractions were free of membrane-associated protein, such as synaptophysin (data not shown). In the S1 fraction, a single band was observed that migrated at the position expected for secreted ectodomain sAPP␣. This band was reduced in intensity in mice that received DOX diet through behavioral testing. In the P1 fractions, we similarly detected a band that migrated at the size expected for full-length APP as well as a band that migrated at the size expected for the ␤-CTF of APP and a strong band of monomeric A␤. In the P1 fraction, additional immunoreactive bands were seen at multiple positions in the gel (Fig. 6B) . Using an antibody specific for the ectodomain of APP generated by BACE1 cleavage of APP harboring the Swedish mutations (s␤APPswe), this derivative of APP was detected only in the S1 fraction as expected. After DOX treatment through the course of behavioral testing, s␤APPswe levels fell below the level of detection (Fig. 6C) . In parallel to the drop in sAPP␣ and s␤APPswe, the level of APP C-terminal fragments also fell in the brains of mice treated with DOX (Fig. 6D) . Finally, probing S1 fractions with 82E1 antibody failed to detect any forms of A␤ in mice Off-or On-DOX (Fig. 6E) . By contrast, in the P1 fractions, the 82E1 antibody detected multiple forms of immunoreactivity, including a band that migrated at the size expected for the ␤CTF of APP (Fig. 6F ) . The identity of the other immunoreactive bands is uncertain; these could be various oligomeric assemblies of A␤. The 82E1 antibody does not recognize full-length APP or any sAPP ectodomains because of its specificity for the N terminus of A␤ (Horikoshi et al., 2004) . Compared with APPsi:tTA mice Off-DOX, the levels of all APP derivatives, except monomeric A␤, dropped significantly over the course of the behavioral testing as the mice were treated with DOX (Fig. 6G) .
We next turned our attention to detecting and characterizing soluble forms of A␤ that are present before and after exposure to DOX for short (1 week) or longer (4 week) periods, using additional cohorts of APPsi:tTA mice. To obtain a fraction from brain that represented truly soluble and mobile A␤, we initially used a method that we thought would limit the potential to mechanically, or otherwise, create oligomers during the homogenization of the tissue. To gently elute soluble A␤ from the tissue, we dissected the brain and chilled it on ice for 10 -20 min. We then diced the brain into small chunks that were ϳ1 mm 3 in size. The chunks were washed in cold PBS twice and then incubated on ice in distilled water for 1 h to osmotically elute soluble proteins from the interstitial space. These fractions, termed the waterextractable fractions, were immediately analyzed by SDS-PAGE and immunoblotting. Following this protocol, we observed that we could draw high levels of secreted APP ectodomains (sAPP␣ and/or sAPP␤) into the water-extractable fraction as detected with the 22C11 monoclonal antibody to N-terminal epitopes in APP (Fig. 7A) . The 22C11 antibody is capable of recognizing full-length sAPP␣ and sAPP␤ derivatives of mouse and human APP (Fig. 7) ; however, the 22C11-positive band of APP immunoreactivity at ϳ100 kDa (Fig. 7A) was not recognized by an antibody to the C terminus of APP (Fig. 7B) and thus was identified as soluble APP ectodomains. The level of 22C11-reactive APP ectodomains fell in the brains of mice On-DOX for 4 weeks (Fig. 7A , compare lanes 1 and 2 with lanes 5-8) to levels comparable to mice transgenic for only tTA or APPsi (Fig. 7A, lanes 3-4) . When we probed immunoblots of these same fractions with the mAb 6E10, which will recognize sAPP␣ but not s␤APPswe, low levels of transgene-derived sAPP␣ were detected in APPsi:tTA mice Off-DOX (Fig. 7C, lanes 1 and 2) , but this derivative of APP disappeared after 4 weeks On-DOX (Fig. 7C, lanes 5-8) . Overall, these data indicated that this method successfully extracted the soluble ectodomains of APP from the tissues and that the levels of these soluble APP ectodomains derived from the APPsi transgene fell after synthesis of APPsi was inhibited by DOX treatment. Importantly, apart from the sAPP␣ ectodomains that were detected in the water-soluble fraction by immunoblot with mAb 6E10 (Fig. 7C ), there were no other bands that appeared to be specifically recognized and that could potentially represent a soluble oligomeric assembly of A␤ in APPsi:tTA mice either Onor Off-DOX.
We then proceeded to examine the water-extractable fractions from APPsi:tTA mice that had been On-DOX for 7 d. To preserve native structures as much as possible, samples were not boiled before SDS-PAGE. On each gel, we included samples of synthetic A␤42 that contained oligomeric assemblies to serve as positive controls. Using synthetic A␤42 peptides and mAb 4G8, we estimated that we could detect oligomeric assemblies derived from 30 ng of A␤42 peptide by immunoblot (data not shown). When we probed immunoblots of the water-extractable fractions from the brains of 23-month-old APPsi:tTA mice that were either Offor On-DOX for 7 d, we detected three bands of variable intensity (Fig. 7D) . A ϳ100 kDa band that is of a size consistent with mouse or transgene-derived full-length APP was detected, but this band could not represent either of these species because the mAb 4G8 antibody does not recognize sAPP␣ or s␤APPswe, and immunoblots of these water-extractable fractions with C-terminal antibodies to APP were negative (e.g., Fig. 7B ), indicating that this band could not be full-length APP. We concluded that this band is likely to be a nonspecific band. Notably, the intensity of this band was highly variable across the sample set, which is often the case for nonspecific bands, and it was not more intense in the samples from APPsi:tTA mice Off-DOX compared with either NTg controls or APPsi:tTA mice On-DOX. Two additional bands of ϳ25 and ϳ50 kDa were also recognized by mAb 4G8 in these fractions; and again, the intensity of these bands varied across genotypes and were present in NTg and APPsi:tTA mice On-DOX at approximately equivalent levels (Fig. 7D) . Thus, none of the bands recognized by mAb 4G8 in these blots could unequivocally be identified as oligomeric A␤42 in these water-extractable fractions. Based on the amount of sample we loaded on the SDS-PAGE gels, we estimate that we analyzed the equivalent of what could be extracted from 15 mg of tissue. As noted above, we established that 4G8 could detect synthetic oligomeric A␤ formed from as little as 30 ng; thus, we can say that 15 mg of tissue (assuming 100% recovery) contained less oligomeric A␤ than the equivalent of assemblies formed by 30 ng of the peptide.
We next turned to an analysis of proteins that could be solubilized by homogenization in PBS (see Materials and Methods). These PBS-soluble fractions were analyzed by immunoblot and were not boiled before electrophoresis (Fig. 8) . In the PBSsoluble fractions from APPsi:tTA mice Off-DOX, immunoblots with mAb 6E10 detected a band of a size consistent with fulllength APP or sAPP␣ (Fig. 8B, lanes 2-5) . This band was greatly diminished in APPsi:tTA mice On-DOX (Fig. 8B, lanes 6 -9) and absent in NTg mice (Fig. 8B, lane 1) . Notably, unlike the waterextractable fractions, probing the PBS-soluble fractions generated by homogenization revealed solubilized APP that could be recognized by the CT20 antibody (Fig. 8C) , indicating that fulllength APP was present in this fraction. Importantly, by just 7 d On-DOX, all forms of PBS-solubilizable APP, which includes some full-length APP and any sAPP␣ not extracted into water, were greatly diminished. Additionally, in these PBS-soluble fractions, mAb 6E10 detected bands at 24 and ϳ50 kDa (asterisks) that were present at variable levels in all mice, including NTg mice, whether samples were boiled (data not shown) or not boiled before electrophoresis (Fig. 8B) . Ultimately, we could not identify an immunoreactive band in PBS-soluble brain fractions from APPsi:tTA mice probed with mAb 6E10 that was completely specific to the transgenic mice, which was lost after DOX treatment, and was of a size consistent with oligomeric A␤.
ELISA analysis of soluble and insoluble fractions from the brain of APPsi:tTA mice
To determine whether the water-extractable or PBS-soluble fractions contained soluble A␤42 peptides, we used an ELISA system that uses a C-terminal capture antibody with mAb 4G8 used as the detection antibody. Using synthetic A␤42, we determined that this ELISA system does not detect oligomeric forms of A␤ (data not shown, no signal in ELISA assay). A␤ was also undetectable in NTg mice by this ELISA. The levels of soluble, likely monomeric, A␤42 in water-extractable fractions of bigenic APPsi:tTA mice On-DOX for 7 d or 4 weeks were similar to that Figure 5 . Rapid loss of mAb 6E10 immunoreactivity with persistent OC antibody reactivity. A separate cohort of APPsi:tTA mice with the same B6/FVB F1 genetic background were aged out to 22 months and then given DOX diet as noted on the figure. Cryopreserved frozen sections were immunostained with mAb 6E10 or the polyclonal OC as described in Materials and Methods. A, C, E, By 5 weeks after DOX treatment, cellular reactivity with mAb 6E10 disappears (arrow), whereas amyloid plaque staining (arrowhead) persists. B, D, F, The OC antibody preferentially recognizes amyloid deposits. We noted some punctate cellular reactivity of the OC antibody in the CA layer of the hippocampus, but this staining was present in NTg mice (G) and was also seen with secondary antibody alone (H ).
of mice Off-DOX (Fig. 9A, S1 ; average ϳ0.8 ng/ml). Similarly, the levels of PBSsoluble A␤42 ranged ϳ1 ng/ml in mice Off-DOX and the level did not fall significantly in mice On-DOX for 7 d. This finding indicates that a fraction of A␤42 in the brains of mice with high amyloid burden remains easily solubilizable for a protracted period after new APP synthesis has been inhibited. To quantify A␤42 in the PBS-insoluble fractions, the insoluble material was dissolved in formic acid, neutralized, and then diluted for ELISA. As expected, the levels of A␤42 in the insoluble fractions of brains of mice Off-DOX were thousands of times higher (range, 12-28 g/ml; with one outlier at 50 g/ml; n ϭ 6) than what was detected in the soluble fractions and remained high in mice On-DOX for 7 d (range, 20 -25 g/ml; n ϭ 4). In an attempt to detect oligomeric A␤ by ELISA, we used an antibody directed against an N-terminal epitope to both capture and detect an A␤ in the sample, a design similar to that of Xia et al. (2009) . This system showed a sensitivity to detect synthetic oligomeric A␤ in solution that would be equivalent to 10 ng/ml A␤42; however, we failed to detect a signal in these water-extractable fractions from APPsi:tTA mice On-or Off-DOX (data not shown).
To compare the levels of A␤42 in different fractions, we used a volumetric method of normalization in which the volume of the water-extractable fraction, PBS-soluble, and resuspended PBSinsoluble fractions were equivalent. The minced brain fractions were prepared by incubating 500 mg of diced tissue in 500 l of water; therefore, each microliter of the water-extractable fraction reflects what we could draw from 1 mg of tissue. The PBS-soluble fractions were prepared by homogenizing the tissue after water extraction in 500 l of PBS and the PBSinsoluble fractions were finally resuspended in 500 l of buffer. Thus, for each fraction, the amount of A␤ in 1 l equated to 1 mg of tissue. In water-extractable fractions of mice On-or Off-DOX, we detected 0.8 -0.9 pg of A␤42 per microliter. In PBS-soluble fractions, we detected 1-1.2 pg of A␤42 per microliter, whereas the levels of insoluble A␤42 in brain were ϳ2500 times higher at 25 ng of A␤42 per microliter. Thus, only a minute fraction of total A␤42 that accumulates in the brains of these mice was easily leached out into water or solubilized by homogenization in PBS.
Immunoblot analysis of membrane associated fractions from the brain of APPsi:tTA mice Last, we analyzed the PBS-insoluble fractions by SDS-PAGE by immunoblotting to characterize the membrane associated A␤ in brains of these animals. These fractions would not be expected to contain significant levels of sAPP␣ or sAPP␤. Immunoblots of boiled samples from the membrane fractions with 6E10 antibody (Fig. 10A ) demonstrated that the levels of an APP species that migrated at the expected size of full-length APP (Fig. 10A, arrow) fell rapidly after DOX treatment as previously reported . In addition to the full-length band, there was a smear of immunoreactivity in all lanes containing samples from APPsi:tTA mice (Fig. 10A, lanes 2-9) . This smear of A␤ Figure 6 . Immunoblot analysis of total protein extracts from cortical samples of mice that were behaviorally tested. All immunoblots include both cytosolic (S1) and membrane fractions (P1) and one control sample. A, B, Representative images of immunoblotting with 6E10 antibody, recognizing human monomer A␤, transgene-derived full-length APP, and transgene-derived sAPP␣ from PBS-soluble (A) (S1, see Materials and Methods) and PBS-insoluble (B) (P1, see Materials and Methods) fractions. Fractions from NTg mice showed no immunoreactivity either in S1 or P1 fractions. DOX treatment resulted in decreased levels of high molecular weight APP (arrow), which includes membrane full-length APP (see P1, B) and soluble APP␣ (see S1, A). The mAb 6E10 also detected ␤CTFs (ϳ14 kDa, arrow), which disappeared after DOX treatment (B). C, The 6A1 antibody (IBL America) specifically recognizes soluble ␤ APP fragment with Swedish mutation cleaved by BACE1 (s␤APPswe) (arrow), which is detectable only in cytosolic fractions (S1) of brains from APPsi:tTA mice Off-DOX. D, Representative image of immunoblotting with C-terminal APP antibody (Millipore), recognizing the ␣-CTF (C83) (lower arrow) and ␤-CTF (C99) (upper arrow) in membrane fraction; the levels of both dramatically decreased after DOX treatment. E, F, Representative images of immunoblotting with anti-human A␤ Nterminal end specific antibody 82E1 (IBL America). This antibody does not recognize full-length APP. G, The results of densitometry analyses for monomer A␤, ␣-CTF, ␤CTFs, sAPP␤ swe, sAPP␣, and full-length APPsi in the immunoblots shown in A-F. The data are graphed with values for APPsi:tTA mice Off-DOX normalized to 100%.
immunoreactivity did not appreciably diminish after 7 d (Fig.  10 A, B) or 4 weeks (Fig. 10C ) of DOX treatment. There were also discrete bands that migrated between 20 and 30 kDa in all lanes containing samples from APPsi:tTA mice (marked by an asterisk). In immunoblots of samples that were not boiled, it was harder to distinguish full-length APP (Fig. 10B, lanes 2-5) . A smear of reactivity throughout the lanes containing sample from APPsi:tTA mice was observed with a couple of discrete bands detected at 20 -30 kDa. In addition, there was a single, poorly resolved band that migrated Ͻ20 kDa that was unique to APPsi: tTA mice Off-DOX (Fig. 10B, lanes 2-5, arrowhead) . This band was identified as ␤CTF because a band of similar size was seen in immunoblots of unboiled samples with the CT20 antibody, which recognizes a C-terminal epitope of APP, not A␤ reactive (data not shown). The smear of A␤ immunoreactivity in solubilized membrane fractions persisted after 4 weeks On-DOX with a similar persistence of discrete bands between 20 and 30 kDa (Fig. 10C) . Although we cannot be certain as to whether the methods of sample preparation may have influenced the banding pattern observed, these data indicated that there is an accumulation of multiple discrete forms of A␤ immunoreactive entities that are stable in SDS and resistant to heat denaturation. These entities persisted after the new production of APP was inhibited.
Discussion
In the present study, we have determined the behavioral phenotypes present in 12-to 13-month-old APPsi:tTA mice and determined which phenotypes persist when expression of mutant APP has been acutely suppressed by DOX. We find that suppression of new APP/A␤ synthesis in APPsi:tTA mice leads to rapidly improved performance in short-term memory tasks and that with sustained exposure to DOX the mice show superior performance in more demanding cognitive tasks that assess longterm spatial memory and working memory. As expected from previous work, amyloid plaque pathology persisted after DOX treatment with the levels of full-length APPsi derived from the transgene dropping quickly after treatment with DOX [as expected; ]. In pathologic analyses of older APPsi;tTA mice, we noted that intracellular immunoreactivity with mAb 6E10 remained stronger than one would expect at 1 week after DOX if all intracellular immunoreactivity was the result of antibody binding to full-length APP or ␤CTFs of APP. However, by 5 weeks on DOX, intracellular mAb 6E10 staining fell to background levels. Somewhat unexpectedly, we also demonstrate a persistent, but relatively low, level of mobile, waterextractable, A␤42 in older APPsi:tTA mice treated with DOX for up to 4 weeks. Although we could not identify soluble A␤-immunoreactive entities that we were convinced were oligomeric forms of the peptide, we expect that the monomeric A␤42 that is solubilizable in water or PBS would be in equilibrium with oligomeric A␤; thus, such species probably exist but at relatively low levels. Our immunoblot analyses of PBS-insoluble fractions demonstrated immunoreactive entities of a size consistent with oligomeric A␤ assemblies that persisted after inhibition of new APP production. Overall, our studies demonstrate that cognitive impairment is relatively reversible, at least at the age studied, despite a persistence of several forms of A␤ implicated in mediating cognitive impairment. . APP-immunoreactive species in water-extractable fractions from APPsi:tTA mice. As described in Materials and Methods, minced brain pieces, ϳ500 mg, were soaked in 500 l of water for 1 h before centrifugation to separate soluble A␤ species (water-extractable fraction). A total of 15 l of this fraction was analyzed by immunoblot with antibodies as noted in the figure. Mice that had been given DOX for 1 or 4 weeks are noted above the figure. A, Immunoblots of water-extractable fractions with mAb 22C11, which recognizes an N-terminal epitope in human and mouse APP. The major reactive band is secreted APP ectodomain (␣ and ␤ recognized). B, A lack of reactivity with an antibody to the C terminus of APP (CT20) confirms the absence of full-length APP in the water-extractable fractions. C, Reactivity to 6E10 demonstrates the presence of sAPPa in the water-extractable fractions and that this secreted ectodomain of APP disappears after DOX treatment (4 weeks). D, Immunoblot analysis of water-extractable fractions with mAB 4G8. In this example, to preserve any oligomeric structures, the samples were not boiled before electrophoresis. The gel also contains a positive control of 500 ng of A␤ 42 aggregated in vitro. The mAb4G8 is capable of recognizing full-length transgene-derived APP and endogenous mouse full-length APP. It does not recognize either endogenous or transgene-derived sAPP␣ or sAPP␤. As noted in B, water-extractable fractions do not contain full-length APP; thus, the identity of the band migrating at Ͼ100 kDa is uncertain and may be a nonspecific band (marked by asterisk). Similarly, the bands migrating at ϳ50 kDa and ϳ25 kDa also appear to be nonspecific bands (marked by asterisk).
Mobile and immobile forms of A␤ in the brains of APPsi:tTA mice Considerable effort was invested to detect soluble oligomeric A␤ using methods that separated soluble, mobile, forms of A␤ with as little tissue destruction as possible. In fractions generated by soaking minced brain, we detected abundant APP ectodomains, but we could find no other A␤-immunoreactive band that was completely unique to APPsi:tTA mice and could be definitively identified as potentially representing oligomeric A␤ assemblies. As described in Results, we estimate our limit of detection for solubilized A␤ oligomers in immunoblots to be the equivalent of what would be formed by 30 ng of A␤ assembled into a heterogeneous population of structures (see Fig. 7D for an example).
The most abundant-immunoreactive forms of A␤ that were specific to transgene positive mice, and of a size consistent with oligomeric assemblies were found in PBS-insoluble membrane fractions. In samples that were boiled, we routinely detected a pair of bands of ϳ22-26 kDa that were specific to the APPsi:tTA mice. However, we cannot know whether these assemblies of A␤ really existed in the brain or were generated by tissue homogenization and sample preparation. Also, we lack precise information regarding the composition of these bands. Importantly for this study, if these immunoreactive bands are oligomeric A␤ assemblies, the abundance of these forms of A␤ does not change after DOX treatment; thus, they persisted after new production of APPsi was inhibited.
Relationship between APP and A␤ in cognitive performance of transgenic mouse models There have been several reports in the literature in which the Tg2576 model has been treated with a BACE1 inhibitor or ␥-secretase inhibitor (GSI) followed by assessments of cognitive behavior Balducci et al., 2011; Chang et al., 2011; Mitani et al., 2012) . Comparison of these studies to our present work is often difficult because few of these studies have examined the effect of the inhibitors in mice with high amyloid burden. In younger Tg2576 mice, treatment with BACE 1 inhibitors, GSIs, or ␥-secretase modulators, have produced varied levels of improvement in performance in cognitive tasks and varied reductions in levels of A␤. Only one study has examined GSIs in mice that have robust amyloid deposition (Comery et al., 2005) . In this work, Tg2576 mice were shown to develop deficits in long-term, but not short-term, memory in a contextual fear conditioning paradigm between the ages of 12 and 16 weeks. At 16 weeks of age, the levels of A␤ will have begun to rise, indicating that there are beginnings of A␤ assembly into more stable structures (Kawarabayashi et al., 2001 ). Suppressing the production of A␤40 and 42 by ϳ30% with DAPT, a GSI, in Figure 8 . PBS-soluble A␤-immunoreactive species in the brains of APPsi:tTA mice. To preserve any oligomeric structures as much as possible, the samples were not boiled before SDS-PAGE. A-C, Immunoblots of PBS-soluble fractions probed with mAb 4G8, mAb 6E10, and APP C-terminal antibody CT-20 (see diagram in Fig. 7 for antibody specificity) . A-C, Lane 1, NTg brain homogenate; Lanes 2-9, APPsi:tTA mice. Animals receiving DOX diets for 1 week are noted above in A (same in B and C). Similar to the water-soluble fractions (Fig. 7D) , the immunoblots with the mAb 4G8 demonstrated three bands, none of which appears to be specific (A), that were present in all genotypes at levels that do not change as expected with DOX treatment. B, In immunoblots with mAb 6E10, the major immunoreactive band is APP: inclusive of sAPP␣/␤ and full-length APP as verified by immunostaining with CT-20 antibody (C). There are bands at ϳ65 and 45 kDa (asterisks) that were present in immunoblots of all brain homogenates to varying degrees. The bands migrate very close to the expected size for IgG heavy and light chains. the Tg2576 model in these early phases of amyloid accumulation, produces rapid improvements of long-term contextual memory (Comery et al., 2005) . The beneficial effects of this GSI were also observed at later ages when amyloid deposits are relatively high. Note that the GSI would be expected to cause ␤CTFs of APP to accumulate and would not affect levels of APP, sAPP␣, or s␤APPswe. Thus, in the Tg2576 model, the improvements in long-term memory were correlated to modest reductions in the generation of A␤ without an obvious mechanism for affecting the levels of other APP derivatives.
Our findings convincingly show, in a completely distinct model, that impairments in both short-and long-term memory can be rapidly reversed when the new production of APP/A␤ is inhibited. The APPsi:tTA model differs from the Tg2576 model in the severity of amyloid deposition at the time of testing. In our model, the level of accumulated A␤ and amyloid burdens were high. The unique features of the APPsi:tTA model reveal that cognitive performance is not inextricably linked to the levels of A␤ peptide as we find persistent levels of soluble and insoluble A␤ peptides in mice that show remarkable cognitive improvement when new APP/A␤ synthesis is suppressed. In our APPsi:tTA mice, the most abundant derivatives of APP that were lost after new APPsi synthesis was suppressed were full-length APP, soluble APP ectodomains, and C-terminal APP fragments. Although it is possible that the low abundance soluble forms of A␤ (monomer or oligomer) possess a disproportionate bioactivity in regard to cognitive function, there is no particular basis to rule out a role for the more abundant derivatives, particularly because the loss of these derivatives appears to be highly correlated to cognitive performance.
Derivatives of APP other than A␤ have recently been implicated as potentially mediating cognitive impairment in mice. In mice that model familial Danish dementia, in which an interaction between mutant BRI2 and APP was suggested to mediate cognitive dysfunction, inhibition of BACE1, but not ␥-secretase, restores performance in cognitive function (Tamayev and D'Adamio, 2012; Tamayev et al., 2012) . Inhibition of ␥-secretase lead to an accumulation of ␤CTFs of APP, which correlated with diminished performance in short-term memory (Tamayev and D'Adamio, 2012) . Mice that express a recombinant transgene that encodes an engineered APP ␤CTF, lacking a signal sequence for proper membrane insertion (Kammesheidt et al., 1992) , have been reported to show deficits in cognitive behavior (BergerSweeney et al., 1999) . However, mice that express an engineered APP ␤CTF that included a signal sequence for proper membrane insertion lack evidence of neurodegeneration; cognitive behavior in these mice has not been reported (Rutten et al., 2003) . Deyts et al. (2012) recently demonstrated that APP ␤CTFs can mediate G-protein signaling and that GSI treatment increased the levels of APP ␤CTFs, leading to increased neurite outgrowth. Collectively, these studies indicate a potential role for APP ␤CTFs in neuronal signaling and cognitive performance. Although we found that the loss of APP ␤CTFs was one correlate to improved memory performance in the APPsi:tTA mice, the loss of full-length APP and sAPP ectodomains occurred at relatively the same rate.
In conclusion, our studies of cognitive performance in mice that model Alzheimer amyloidosis have produced a body of work that paints a complicated picture of how the accumulation of A␤ may impair performance of mice in memory tasks. Although the accumulation of A␤ seems to be essential in mediating cognitive impairment, emerging data indicate that other derivatives of APP may also play some role. Although one would like to be able to fit all the data into a unifying mechanism, it is possible that A␤ and Fig. 7 for antibody specificity), which detects APP derivatives produced by the transgene (does not recognize endogenous APP or its derivatives). Suspensions of PBS-insoluble fractions from brain were mixed with 4ϫ Laemmli buffer, boiled before loading (A, C) or loaded directly (B), transferred to membrane, and analyzed by immunoblot. A-C, Lane 1, NTg brain homogenate. A, B, Lanes 2-9, APPsi:tTA mice. Animals receiving DOX diets for 1 week are noted above A (same in B). C, Lanes 2-10, APPsi:tTA mice. Animals receiving DOX diets for 1 or 4 weeks are noted above panel. C, The blot is overexposed to reveal lower molecular weight bands. A band that migrates to the size expected for full-length APP was observed in APPsi:tTA mice Off-DOX; this band was absent in mice On-DOX for 1 week (A). In the samples that were not boiled from mice Off-DOX, we detected a band of ϳ10 kDa (arrowhead) that was absent in mice On-DOX. This band was also seen in blots with the CT-20 antibody (data not shown) and likely represents an APP C-terminal fragment. Discrete bands that could represent stable oligomeric assemblies of A␤ are noted by asterisks.
derivatives of APP can act via multiple mechanisms to diminish cognitive function in mice, with some of these mechanisms being unrelated to the basis for cognitive symptoms in humans. Encouragingly, we find that mice with persistent pathologic amyloid deposits and soluble, mobile, forms of A␤42 can show normal short-term memory with preserved, albeit imperfect, long-term memory if new APP/A␤ synthesis is inhibited. These findings predict that cognitive impairment mediated solely by the accumulation of A␤ and/or amyloid could be reversible and need not require the clearance of existing amyloid deposits if such deficits are mediated by a short-lived, newly made species of A␤. Alternatively, our findings could also be interpreted as evidence that the accumulation of A␤ and amyloid, by itself, only minimally impacts cognition in mice, a finding that is somewhat more in line with human data on cognition and amyloid pathology (Moore et al., 2012) .
